Single-stranded adenovirus-associated virus type 2 deoxyribonucleic acid (AAV-2 DNA) has been isolated from the virion after enzymatic pretreatment of the particles by heating at 53 C for 1 hr in 0.015 M NaCl plus 0.0015 M sodium citrate in the presence of 1 % sodium dodecyl sulfate. Double-stranded AAV-2 DNA present as a marker is not denatured by this treatment. AAV-2 single-stranded DNA is composed of two complementary species which can be separated in neutral CsCl when 5-bromodeoxyuridine has been substituted for thymidine in the DNA. The present report is the first documented instance of the separation of complementary strands of an animal virus DNA.
molecular weight of 3.0 x 106 to 3.6 x 106 (10, 12) . Crawford et al. (5) , however, suggested that AAV DNA was single-stranded in situ and only formed a double helix during extraction. Rose et al. (11) and Mayor et al. (9) have now demonstrated that AAV DNA is indeed single-stranded in situ, and that the double-stranded form of purified AAV DNA results from the annealing of single strands from different virions during extraction (11) .
In this paper we report the isolation of singlestranded AAV DNA from virions and the physical separation of the single strands into two complementary species.
MATERIALS AND METHODS Materials. Preparation and assay of virus stocks has been described (7, 13) . KB Virus growth and purification. The growth and purification of 3H-BUDR adenovirus type 2 (adenoid 6) has been described (l1). AAV-2 (AAV-2H) ( ( 10 TCID5o/ cell), and 6 hr later 3H-or 14C-thymidine was added to a final concentration of 1.0 or 0.1 ,c/ml, respectively. The cells were harvested after 48 hr at 37 C. To obtain 3H-BUDR AAV-2, cells were similarly infected. FUDR (0.5 ,ug/ml) was added 13.5 hr after infection, and 3H-BUDR (0.5 ,pc/ml) and BUDR (10 ,g/ml) 14 droxymethyl)aminomethane (Tris), pH 7.9, by sonic treatment and the AAV-2 was purified by CsCl centrifugation as described previously (13, 11) .
DNA extraction. The extraction of adenovirus DNA and the double-stranded form of AAV DNA have been described (11) . DNA sedimentation. DNA was sedimented through preformed, linear, neutral sucrose gradients containing 1 M NaCl (2). CsCl solutions for isopycnic centrifugation were 0.05 M Tris (pH 7.9) and 0.001 M (ethylenedinitrilo) tetraacetic acid and contained 0.15% Sarkosyl in a final volume of 4.5 ml. The specific conditions for each gradient are described in the figures.
Denaturation and annealing of DNA. Denaturation of DNA in alkali and the neutralization of alkalidenatured DNA have been described (2) . DNA was annealed in 0.15 M NaCl plus 0.015 M sodium citrate (1X SSC) fort hr at 70C.
RESULTS
Isolation of single-stranded DNA from AAV.
AAV DNA is single-stranded in situ (9, 11) , but the purified form is double-stranded (10, 13). We were interested in isolating single-stranded DNA under conditions which would (i) not denature the double-stranded form of the DNA, and (ii) not permit annealing of single strands into the double-stranded form. To do this experiment, it is necessary to be able to distinguish singlestranded AAV-2 DNA from the double-stranded form. The two forms of AAV-2 DNA may be separated by isopycnic CsCl centrifugation (12) and by zonal sedimentation through a neutral sucrose gradient (Fig. 1 ). AAV DNA which had been denatured in alkali and neutralized sedimented more rapidly than double-stranded DNA in a neutral sucrose gradient containing 1 M NaCl (Fig. 1A and B) . The ratio of distances traveled was 1.57 (Fig. 1C) . AAV single-stranded DNA rapidly anneals to form double-stranded DNA (9, 11) , and it is assumed that the trailing material observed in Fig. 1B represents AAV DNA which has annealed at room temperature between the time of neutralization and the completion of the sucrose run (5 hr). The reported method for the purification of AAV DNA (11, 13) releases DNA from the particles after enzymatic pretreatment by heating the virus at 50 C in 1 X SSC in the presence of 1 % sodium dodecyl sulfate (SDS). These conditions of salt and temperature allow annealing of AAV single strands (11) . Alteration of conditions to prevent annealing (e.g., decreased ionic strength or increased temperature, or both) would result in the release of single strands into solution (9) . Enzymatically pretreated AAV particles containing 3H-DNA were heated together with purified double-stranded 14C-AAV DNA at 53 C for 1 hr in 0.1 X SSC in the presence of 1 % SDS. The DNA was then sedimented through neutral sucrose (Fig. 2) . Although the 14C-AAV DNA still sediments as doublestranded DNA, the newly released 3H-AAV DNA sediments as single strands. The ratio of distances traveled was 1.58. There is trailing 3H-DNA (approximately 25%) but no more than seen in the case of purified AAV DNA which has been alkali-denatured (Fig. IB) . Thus, under conditions which do not denature purified doublestranded AAV DNA, single-stranded DNA is recovered from the particles. The same preparation was banded in CsCl (Fig. 3) . The "4C-doublestranded DNA bands at a density of 1.714 g/cm3. The 3H-DNA peak (fraction 17) is 12 mg/cm3 more dense. This is the density difference ob- served between native and denatured AAV-2 DNA in the analytical ultracentrifuge (12) . There is skewing of the 3H band toward lighter density. This result has been repeatedly obtained, and we believe it represents annealing which has occurred during the course of centrifugation (72 hr at 20 C; reference 3). The (Fig. 6A) . 'H-BUDR AAV DNA which has been alkali-denatured and neutralized sediments 1.85 times as fast as the doublestranded "4C-AAV DNA (Fig. 6B) . When the denatured 3H-BUDR AAV DNA is annealed at 70 C in 1 x SSC for 1 hr, it sediments as double--__ stranded 'H-BUDR DNA (Fig. 6C) . Thus, (Fig. 8B) . The light 3H-BUDR band was slightly more dense than double-stranded 3H-BUDR DNA and was broad, again indicating that the preparation is not completely free of 100 double-stranded DNA (Fig. 8C) . A mixture of the heavy and light bands does reform doublestranded DNA under annealing conditions (Fig.  8D) . The annealed DNA appears as a homogeneous peak at a density about 4 mg/cm3 lighter I than the 32P-BUDR marker, exactly as observed .__in Fig. 8A . DNA that formed during the CsCl run (Fig. 7B) . When equivalent amounts of the heavy and light strands are annealed together, a pattern similar to that obtained with the original 3H-BUDR double-stranded DNA is seen (Fig. 7C) . There is no peak of single-stranded DNA. We conclude that we have physically separated the complementary single polynucleotide chains of AAV DNA, although the light strands are contaminated with double-stranded DNA. Confirmation of this conclusion was obtained by repeating the preceding experiment and measuring the extent of formation of double-stranded DNA in CsCl density gradients. 32P-BUDR double-stranded AAV DNA was used as a density marker. This DNA preparation banded at a slightly greater density than the double-stranded 3H-BUDR AAV DNA (-4 to 5 mg/cm3), indicating 4% greater BUDR incorporation ( Fig. 4 and 8A; (5, 9, 11) .
In light of our present knowledge of the structure and composition of AAV DNA, it is not surprising that the resolution of the structure of AAV DNA in situ has proven difficult. The existence of complementary strands, the small size of the DNA, the relatively high overall guanine plus cytosine content, the extraction procedure, and the experimental conditions required to study the DNA would all contribute to rapid formation of double-stranded DNA (18, 19) . The magnitude of the problem is illustrated in this paper. In the relatively short experiments involving sucrose gradients, about 25 % of the single strands have annealed (Fig. 1, 2, 6) ; however, over 50%,7 of the same single-stranded DNA centrifuged for 72 hr in CsCl at 25 C has annealed (Fig. 3) when BUDR is substituted for thymidine, there is a difference in density between the two-strand species. Assuming a 75% substitution of thymidine by BUDR (11), the difference in thymidine content of the two strands would be about 40% (i.e., the heavy strand would be 26% T and the light strand 18% T), if the expected density for single strands with equal thymidine content would be the average of the two densities observed. Differences in thymidine content of complementary, single polynucleotide chains equal to those assumed here have been reported for the replicative form of OX 174 DNA (15, 16 ) and for HeLa cell light satellite DNA (14) . We attempted the separation of the complementary strands of BUDR adenovirus DNA, but there was only one peak of denatured DNA in neutral CsCl.
BUDR-substituted double-stranded AAV DNA sediments more rapidly in neutral sucrose than non-BUDR-substituted DNA. The difference observed is too great to be accounted for simply by the expected increase in mass caused by BUDR (4) . Interestingly, the ratio of distances sedimented by single-and double-stranded BUDR labeled AAV DNA in neutral sucrose is the same as that observed for the unlabeled DNA (1.58) . This is in reasonable agreement with the data of Studier (17) which would predi t a ratio of 1.66 for a double-stranded DNA of molecular weight 3 x 106 which is composed of two intact complementary single strands.
The present report is the first documented instance of the separation of complementary strands of an animal virus DNA. These findings will permit a more detailed study of AAV DNA infectivity (8) and allow analysis of strand-specific transcription in vivo. Information derived from such studies may help reveal the molecular basis for AAV defectiveness.
